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Abstract Two activable tracers, Rb and Eu, were injected 
into the sapwood of Japanese cedars (Cryptomeria japonica 
D. Don) to investigate the radial movement of minerals in 
their stems in the resting period. Eight trees of four culti- 
vars, two of which genetically form wet heartwood, were 
treated near the end of the growing period. At 40 days after 
the treatment, Rb was detected in the outer heartwood, 
whereas Eu was not. Radial movement of Rb was more 
rapid in trees with wet heartwood than in those with normal 
heartwood. At 204 days after the treatment, more Rb was 
detected in the heartwood than was found on the first sam¬ 
pling, whereas no Eu was detected in the heartwood. The 
difference in radial movement between Rb and Eu was 
considered mainly to be the result of selective transport of 
beneficial minerals by Japanese cedar. The difference in the 
rate of radial movement of Rb between wet and normal 
heartwood became more conspicuous at 204 days after 
treatment. We concluded that the movement of Rb from the 
sapwood to the outer heartwood was by active transport 
through the rays, whereas that in the heartwood was by dif¬ 
fusion due to the gradient of Rb concentration. 

Key words Rb • Eu ■ Neutron activation analysis ■ Radial 
transport ■ Heartwood formation 


Introduction 

Radial movement of materials in tree stems has not attracted 
much attention from researchers, whereas vertical move- 
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ment has been extensively surveyed in relation to tree 
physiology. 1 Rays have been considered to play an impor¬ 
tant role in radial transport in many tree species, M but 
further effort to clarify the details is required. 

In recent years, increased environmental concerns 
revived this topic among those who work with tree rings to 
elucidate pollution histories. 5 This approach assures correct 
results only when the pollutants are immobile in tree rings 
after being taken up by trees. For this reason, the validity of 
the tree ring method has been sometimes exposed to skepti¬ 
cism. 16-8 In fact, studies on artificial radionuclides 90 Sr and 
137 Cs in tree rings 9-14 have revealed that the nuclides can be 
found in rings formed before 1945, and that 137 Cs has similar 
radial profiles to that of a natural radionuclide, 40 K. In addi¬ 
tion, Lepp and Dollerd 15 have confirmed lateral movement 
of bark-applied 210 Pb to wood whether the above-ground 
parts of the plant are dormant or not. These observations 
provide direct evidence of radial movement of elements 
after they are taken up in tree stems or are even bark 
applied, and suggest that some elements absorbed in trees 
are not necessarily fixed in the ring of the respective grow¬ 
ing season. However, the above studies have not specified 
the pathway and mechanism of movement of the 
radionuclides. 

On the other hand, some tree species are reported to 
accumulate minerals in their heartwood; 16,17 Japanese cedar 
{Cryptomeria japonica D. Don) is one of these species. It 
accumulates a considerable amount of moisture in addition 
to minerals in its heartwood in the case of dark-colored 
heartwood. 18 This phenomenon is well known and is called 
black heartwood; it deteriorates wood quality and conse¬ 
quently results in a lower commercial value. It has been 
controversial as to what causes black heartwood in Japanese 
cedar. Abe and Oda 19 reported that K in heartwood as 
potassium hydrogen carbonate is one substance that causes 
black heartwood. However, it is still unresolved why and 
how K is accumulated in the black heartwood of Japanese 
cedar. 

The difficulties of studying the radial movement of mate¬ 
rials in a tree stem are ascribable to the lack of appropriate 
methods. Radioactive tracers were once a useful tool for 
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Table 1. Moisture content (%) in the heartwood of sample trees 


Height above the 
ground” (m) 

Higashishirakawa8 

Minamiaizu5 

Shimotakai7 

Shimotakai27 

HS8-l b 

HS8-2 b 

MA5-1 

MA5-2 

ST7-1 

ST7-2 

ST27-1 

ST27-2 

1.5 

293.8 

199.1 

89.6 

89.5 

158.1 

189.8 

89.7 

95.8 

3.5 

208.2 

177.3 

69.4 

74.2 

175.3 

143.2 

89.2 

81.9 

5.5 

261.7 

174.5 

70.1 

68.1 

156.5 

122.9 

68.7 

143.5 

7.5 

251.5 

224.3 

65.6 

71.1 

164.8 

148.7 

- 

126.2 


Data were obtained by Hirakawa (unpublished data), one of the authors, for a wood quality study of Japanese cedar 
“Activable tracers were injected into the stem at around 1.7 m above the ground 
b Tree-l indicates Rb injection and tree-2 indicates Eu injection 


tracing the movement of substances, but nowadays applica¬ 
tion in the field is strictly restricted. Instead, activablc 
tracers are expected to be a useful tool to overview the 
movement of materials in soil-plant systems. 20 21 We applied 
this method to Japanese cedar in a series of studies to inves¬ 
tigate radial transport of minerals in the stem. In the present 
study, we first examined the potential of this method, and 
then used it to discuss the radial movement of minerals, 
especially of physiologically important K, in the resting 
period of tree growth. 


Materials and methods 

Materials 

Four cultivars of Japanese cedar were selected from the 
clones planted in the National Forest Tree Breeding Center 
(now the Forest Tree Breeding Center, Forestry and Forest 
Products Research Institute), taking into consideration the 
moisture content of their heartwood, i.e., Higashishirakawa8 
(HS8), Shimotakai7 (ST7), Minamiaizu5 (MA5), and Shi- 
motakai27 (ST27). all of which were growing at the same 
site and were the same age (ca. 30 years old). A preliminary 
survey (Hirakawa, unpublished data) showed that the 
former two cultivars have wetter heartwood than the latter 
two. 

Rubidium (Rb) and europium (Eu) were chosen as acti- 
vable tracers for the reasons mentioned later. Chlorides of 
Rb and Eu were dissolved in pure water to prepare solu¬ 
tions of 100 and 5 mM, respectively. Five hundred milliliters 
of the solution in a plastic bottle was set on the stem of 
sample trees at around 1.7 m above the ground. The solu¬ 
tions were injected through tygon tube with a stainless tube 
(3 mm <j>) at its end into the middle of the sapwood region 
on September 1, 1994, at nearly the end of the growing 
season. Each tree absorbed almost all the solution within 
1 week. 

Two cultivars, HS8 and MA5, were felled at 40 days after 
the treatment, at which time tree growth had almost ceased. 
Trees injected with Rb are designated “1” (e.g., HS8-1), and 
trees injected with Eu are designated “2” (e.g., HS8-2). After 
marking the point of injection, disks were removed from 
each tree at four stem heights: just above the injection point 
(+0 m), +1.5 m, +3.5 m, and +5.5 m. The two other cultivars, 
ST7 and ST27, were left for 204 days and felled before the 


beginning of the following growing season. Numbers 1 and 
2 were also appended to the cultivar identifier, as above. 
Disks were removed from the trees also at four stem heights: 
just above the injection point (+0 m),+2 m,+4 m, and +6 m. 
The disk at +6 m of ST27-1 could not be sampled because 
of injury and rot caused by insect attack. 

The moisture content in the heartwood of Japanese cedar 
clones in the National Forest Tree Breeding Center was mea¬ 
sured by one of the authors for a wood quality study, and the 
data of the sample cultivars are shown in Table 1. HS8 and 
ST7 contained much more moisture in their heartwood than 
MA5 and ST27 did. The heartwood color of the former two 
cultivars became darker after felling. Thus, we confirmed that 
the sample trees fulfilled the requirements for a comparison 
between wet and normal heartwood. 

After air-drying, wood strips of 10 mm (L) x 2 mm (T) 
were cut from four radii (injection side, I; opposite side, O; 
left side, L; and right side, R; see Fig. 1) from disks of two 
cultivars, HS8 and MA5, to determine the tracer concentra¬ 
tions. To obtain an overview of tracer movement in a cross 
section of each disk, tracer content of whole sapwood and 
outer heartwood (up to 20 mm inward from the sapwood- 
heartwood boundary) of four strips were investigated. Eu- 
injected trees (HS8-2 and MA5-2) were used as the controls 
for the Rb experiments on HS8-1 and MA5-1. Preliminary 
results of cultivars HS8 and MA5 indicated that tracers 
ascended the sapwood vertically from the point of injection 
and were not detected in the other three radii. Based on 
these results, wood strips of the other two cultivars, ST7 and 
ST27, were cut only from the radius starting at the injection 
point. In addition, wood strips were cut from the opposite 
side of the injection point of ST7-1 and ST27-1 as controls 
for the Rb content. To give a radial profile of tracer move¬ 
ment, each sapwood sample was evenly divided into three 
segments, and each outer heartwood sample was divided 
into four segments, each of which was 10 mm in radial 
length. The whole sampling procedure is shown in Fig. 1. 

During the drying of sample disks, redistribution of 
tracers might occur, but this should not seriously influence 
the results. Since water in wood is vaporized in drying, the 
movement of liquid water including minerals (i.e., mass 
flow) should not occur in the sample disks. In addition, the 
movement of water is mostly along the tangential direction 
in the disks. Thus, we judged that the influence of possible 
redistribution of tracers, if any, was negligible in discussing 
the radial movement from sapwood to heartwood. 
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Fig. 1 . Tracer injection and preparation of analytical samples. I, injection side; O, opposite side; L, left side; R, right side; INAA, instrumental 
neutron activation analysis 


Determination of activable tracer concentrations 

Activable tracers are nonradioactive elements that can be 
easily made radioactive by neutron irradiation. They are 
usually detected by means of instrumental neutron activa¬ 
tion analysis (INAA) and are useful tools for field research 
where the use of radioactive tracers is not allowed. 

Rubidium and europium used in this study become 
radioactive by irradiation with thermal neutron as follows: 

85 Rb(n, y) 86 Rb 

151 Eu(n, y ) 152 Eu 

The former formula indicates that 85 Rb, the most common 
rubidium isotope, absorbs a neutron to become 86 Rb, which 
decays with the emission of y-rays of characteristic energy. 
This transformation enables us to quantitatively determine 
the tracer in materials by measuring the characteristic y-rays. 

Rubidium is an alkali metal and accordingly has similar 
chemical properties to other members of the group, espe¬ 
cially K, because of their similar ion radii and ionization 
potentials. This property makes it easier for us to trace the 
behavior of K in a tree stem. On the other hand, Eu, one of 
the rare earth elements, is scarcely detected in Japanese 
cedar. This element has a large cross section for neutron 
activation and is, therefore, very sensitive in terms of INAA. 
These are the reasons that we choose these two elements as 
activable tracers in this study. 

Rubidium and europium in wood were determined by 
means of INAA. Potassium was also determined for refer¬ 
ence purposes. About 150-300 mg of wood specimens were 
irradiated by thermal neutrons, typically for 2 min, at the 
facility of the Reactor Research Institute, Kyoto University, 
or the Institute of Atomic Energy, Rikkyo University. After 
one day of cooling, specimens were measured by using a Ge 
solid-state detector with a multichannel pulse-height ana¬ 


lyzer for 10-20 min to determine the K content. For the 
determination of Rb and Eu, wood specimens were irradi¬ 
ated for 60 min and measured for 20-60 min after 1 week 
of cooling. The determination of tracers was conducted 
within 1 year after felling each tree. The details of activation 
analysis are described in an earlier report. 22 


Results 

Estimation of the background Rb content in the stem of 
Japanese cedar 

Rubidium is usually detected in tree stems in small amounts; 
the concentrations in sap and wood substances of Japanese 
cedar are reported to be less than 5 ppm. 23 Before discussing 
the movement of injected Rb in Japanese cedar, it is neces¬ 
sary to estimate the background content. Two Eu-injected 
trees, HS8-2 and MA5-2, were used as control trees. Table 2 
summarizes Rb and K contents and their ratio (Rb/K) in 
sapwood and outer heartwood of the control trees. Rubidium 
could not be determined in the injection sides at the lower 
three heights in HS8-2 and at the lowest in MA5-2 because 
of the interference from high-yield Eu-induced y-rays. Con¬ 
centrations of Rb and K varied in the ranges 1.9-28 ppm and 
590-8100 ppm, respectively in all the samples analyzed. 
Despite the considerable differences in element contents, the 
values of Rb/K were quite similar (0.0024-0.0049), even 
between different cultivars. In addition, when Rb/K values at 
different stem heights were grouped for sapwood and heart- 
wood on the injection and opposite sides (i.e., IS, IH, OS and 
OH), no significant differences were detected among the four 
groups by ANOVA (HS8-2: F= 0.091, P = 0.963, MA5-2: F= 
0.716, P = 0.563). Thus, we judged that the mean values of 
Rb/K (HS8 = 0.0039, MA5 = 0.0031) can be used as the back¬ 
ground in discussing the movement of Rb in stems. 
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Table 2. Background Rb and K contents and Rb/K ratio at four different heights in control trees, i.e., Eu-injected trees not injected with Rb 



+0 m“ 



+1.5 m 



+3.5 m 



+5.5 m 




Rb (ppm) 

K (ppm) 

Rb/K 

Rb (ppm) 

K (ppm) 

Rb/K 

Rb (ppm) 

K (ppm) 

Rb/K 

Rb (ppm) 

K (ppm) 

Rb/K 

HS8-2 

IS 

- 

- 

- 

- 

- 

- 

- 

- 

- 

4.1 

1100 

3.7E-03 

IH 

14 

3600 

3.9E-03 

17 

4400 

3.9E-03 

15 

3800 

3.9E-03 

28 

8100 

3.5E-03 

OS 

3.8 

780 

4.9E-03 

5.0 

1200 

4.2E-03 

3.6 

890 

4.0E-03 

2.5 

890 

2.8E-03 

OH 

21 

5900 

3.6E-03 

25 

5800 

4.3E-03 

27 

6300 

4.3E-03 

22 

6400 

3.4E-03 

MA5-2 

IS 

- 

- 

- 

1.9 

730 

2.6E-03 

2.2 

690 

3.2E-03 

2.1 

680 

3.1E-03 

IH 

8.0 

2500 

3.2E-03 

6.8 

2800 

2.4E-03 

8.1 

2600 

3.1E-03 

7.2 

2400 

3.0E-03 

OS 

2.0 

620 

3.2E-03 

1.9 

590 

3.2E-03 

2.6 

820 

3.2E-03 

2.6 

960 

2.7E-03 

OH 

7.7 

2200 

3.5E-03 

6.9 

2200 

3.1E-03 

11 

3600 

3.1E-03 

8.7 

2800 

3.1E-03 


“Height above the injection point 

IS, sapwood of the injection side; IH. heartwood of the injection side; OS, sapwood of the opposite side; OH, heartwood of the opposite side 


Rb content and Rb/K in Rb-injected trees at 40 days after 
the treatment 

Rubidium content increased both in the sapwood and the 
heartwood of the injection side of HS8-1 (Fig. 2, left). The 
concentrations in the sapwood were from 45 to 60 ppm at 
the four stem heights, nearly 10 times the values for the 
other three sides. The concentrations in the heartwood of 
the injection side were from 45 to 125 ppm at the four stem 
heights, 2-5 times the values for the other three sides. The 
value of Rb/K also indicated that Rb injected in the middle 
of sapwood region at a height of +0 m moved upward and 
inward in the stem. 

The results for MA5-1 were similar to those for HS8-1, 
but the concentration of Rb was much lower than the latter 
(Fig. 2, right). At a height of +5.5 m, there were no clear 
differences in Rb content among the four radii. Flowever, 
the Rb/K value indicated the movement of Rb into outer 
heartwood at the lower three heights. 

Eu content in Eu-injected trees at 40 days after 
the treatment 

Europium was detected only in the sapwood of the injection 
side of the two cultivars (Table 3). The concentration drasti¬ 
cally decreased upward from 2100 ppm at +0 m to 0.59 ppm 
at +5.5 m in FIS8-2, and from 204 ppm at +0 m to 0.33 ppm 
at +1.5 m in MA5-2. No Eu was detected at +3.5 m and 
+5.5 m in MA5-2.The great vertical differences in Eu content 
compared with Rb content were probably based on the dif¬ 
ferences in their chemical properties. As was also the case for 
Rb, the Eu content was greater in HS8-2 than in MA5-2. 

Rb content and Rb/K in Rb-injected trees at 204 days 
after the treatment 

There was not much difference in base level Rb/K among 
the four stem heights (Table 2), and the injected Rb did not 
move to the opposite side of the stem (Fig. 2). In examining 
the trees at 204 days after treatment, therefore, the opposite 
side of the lowest height (+0 m) of Rb-injected trees was 
analyzed as the control. The Rb contents in the opposite 


Table 3. Eu content (ppm) in stems of two Eu-injected Japanese cedars 


Sample 

+0 m“ 

+1.5 m 

+3.5 m 

+5.5 m 

HS8-2 

IS 

2100 

500 

100 

0.59 

IH 

nd 

nd 

nd 

nd 

OS 

nd 

nd 

nd 

nd 

OH 

nd 

nd 

nd 

nd 

MA5-2 

IS 

240 

0.33 

nd 

nd 

IH 

nd 

nd 

nd 

nd 

OS 

nd 

nd 

nd 

nd 

OH 

nd 

nd 

nd 

nd 


“Height above the injection point 

IS, sapwood of the injection side; IH, heartwood of the injection side; 
OS, sapwood of the opposite side; OH, heartwood of the opposite side; 
nd, not detected 


Table 4. Background contents of Rb and K and Rb/K in two cultivars 


of Japanese cedar 


Radial 

position” 

ST7-1 



ST27-1 



Rb 

(ppm) 

K 

(ppm) 

Rb/K 

Rb 

(ppm) 

K 

(ppm) 

Rb/K 

SI 

3.6 

340 

1.1E-02 

2.1 

260 

8.1E-03 

S2 

8.2 

890 

9.2E-03 

3.1 

370 

8.4E-03 

S3 

9.1 

1200 

7.6E-03 

6.1 

830 

7.3E-03 

HI 

15 

2900 

5.2E-03 

5.9 

1400 

4.2E-03 

H2 

13 

3100 

4.2E-03 

6.9 

1400 

4.9E-03 

H3 

18 

3900 

4.6E-03 

7.1 

1600 

4.4E-03 

H4 

23 

4200 

5.5E-03 

- 

- 

- 


“SI, the outermost sapwood; S3, the innermost sapwood; HI, the out¬ 
ermost heartwood; H4, the innermost section analyzed 


side from the injection point were 3.6-23 ppm in ST7-1 and 
2.1-7.1 ppm in ST27-1 (Table 4), which are almost as same 
as the values of the two cultivars given in Table 2. As already 
seen in Table 2, the cultivar with wetter heartwood (ST7) 
contains more Rb, especially in heartwood, than the normal 
heartwood (ST27) does in this determination. Despite the 
differences in Rb and K contents, the values of Rb/K of the 
two cultivars are quite similar (Table 4). 

Radial profiles of Rb content and Rb/K were quite 
similar at the four stem heights in ST7-1 (Fig. 3, left). The 
concentration of Rb increased inward in the sapwood 
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Fig. 2. Rb content and Rb/K 
ratio in Rb-injected trees at 40 
days after the treatment. HS8-1 
with wet heartwood {left) and 
MA5-1 with normal heartwood 
(right). IS. injection-side 
sapwood; 1H, injection-side 
heartwood; the same pattern is 
followed for O, L, and R 


E 

a 

a 


c 

<D 


C 

o 

o 

_Q 

ce 




Position in the cross section 


□ Rb content +5 ‘ 5m 

□ Rb/K 



IS IH RS RH LS LH OS OH 
Position in the cross section 


tx. 


region and became highest in the outermost heartwood; it 
gradually decreased inward in the heartwood region. The 
value at each radial position was greater than that of the 
control samples (Table 4). The values of Rb/K were, at all 
stem heights, also greater than those of the control samples 
and decreased from outermost sapwood to inner heart- 
wood. All these results indicated that Rb injected in the 
sapwood at a height of +0 m moved into the heartwood and 
ascended in the conducting area of the sapwood. 

The results of ST27-1 were similar to those of ST7-1. There 
was not much difference in Rb content in the radii from the 
lower two stem heights, but it became highest at the inner¬ 
most sapwood or the outermost heartwood (Fig. 3, right).The 
Rb/K values decreased inward from the outermost sapwood 
at all heights, as in ST7-1. As mentioned above, specimens 
could not be sampled at +6 m because of wounded tissue 
induced by insect attack. The influence of the injury may have 
reached the lower part of the stem and caused high Rb con¬ 
tents and thereby high Rb/K values at +4 m. Even though it 


was not as conspicuous as for ST7-1, a comparison with the 
results of control samples in Table 4 also indicated the radial 
movement of Rb into heartwood in ST27-1. 

Europium content in Eu-injected trees at 204 days after 
the treatment 

Europium was not detected in the heartwood of either 
ST7-2 or ST27-2, even at 204 days after treatment (Fig. 4). 
The difference in Eu content between the two cultivars was 
much smaller than that for Rb. The concentration at 204 
days after the treatment was clearly higher than that at 40 
days (Table 3), especially at upper stem heights and in the 
cultivar with normal heartwood, ST27-2. The concentration 
along radii was often highest in the middle of the sapwood 
region and was not detected in the innermost sapwood. 
Such a difference in the radial profile of Eu content in 
sapwood compared to that of Rb is likely to be related to 
their different movement processes. 
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Fig. 3. Rb content and Rb/K in 
Rb-injected trees at 204 days 
after the treatment. ST7-1 with 
wet heartwood (left) and ST27-1 
with normal heartwood (right) 



Radial position in stem 


-O—Rb content 

□ Rb/K in sapwood 

□ Rb/K in heartwood 


100 |-1-1-1-1-1-1-1-10.08 



Radial position in stem 


Discussion 

Discrimination of elements by Japanese cedar 

It is evidence of the selective absorption of elements by 
plants that the elemental composition of plants is not the 
same as that of substrates where the plants grow. Our results 
imply that Japanese cedar discriminates beneficial elements 
from nonbeneficial elements not only in absorption but also 
in transport in its stem, especially in the radial direction. The 
pathway of minerals when moving up the stems of Japanese 
cedar is tracheids in the sapwood region, in which there is 
no living organ directly connecting the roots and the leaves. 
The process of vertical mineral transport is, therefore, not 
strictly regulated by the tree. Mass flow of sap and adsorp¬ 
tion/desorption of each mineral to cell walls are the decisive 
factors in vertical transport. In contrast, sapwood and heart- 
wood are connected by rays that include living parenchyma 


that can regulate the radial transport. Stewart 3 has pointed 
out an important role of rays in radial transport of materials 
in tree stems. Since the white zone between the sapwood 
and the heartwood disconnects the pathway of free water 
by the extremely low moisture content in tracheids, it is 
unlikely that minerals easily diffuse in tracheids from the 
sapwood to the heartwood. Ziegler 2 confirmed radial move¬ 
ment of 14 C sugar and l5 S0 4 2 ” via rays in broad-leaved tree 
species. He mentioned that the symplastic route was the 
main pathway of radial movement, and the velocity was 
greater than that driven by normal diffusion alone. Chaffey 
and Barlow 4 also claimed that ray cells were important sym¬ 
plastic pathways between xylem and phloem in two angio- 
sperm trees. In our results, it is much more likely that rays 
play an important role in radial transport in the stem of 
Japanese cedar. 

Japanese cedar is reported to accumulate some minerals 
such as alkali metals in its heartwood. 1624 Although the 
reason has not yet been clarified, the minerals accumulated 
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Fig. 4. Eu content in Eu-injected trees at 204 days after the treatment. 
ST7-2 with wet heartwood (upper) and ST27-2 with normal heartwood 
(lower) 


in the heartwood are considered to have a close relation 
with heartwood formation or regulation of pH. 24 It is, there¬ 
fore, reasonable that Rb, an alkali metal species, easily 
moved into the heartwood of Japanese cedar after it was 
injected in the sapwood. In contrast, no Eu was detected in 
the heartwood even at 204 days after the injection. The dif¬ 
ference implies that not all minerals, but only beneficial 
elements, are easily transported to heartwood. 

Genetic difference in radial transport of minerals 

As previously mentioned, it is well known that black heart- 
wood of Japanese cedar accumulates much more moisture 
and minerals than normal heartwood. 18 ' 25 Although several 
hypotheses have been proposed, such as soil conditions, 
injuries, and the effects of microorganisms, it is still contro¬ 
versial as to what is the main cause of black heartwood. 
Genetics is no doubt an important factor because some 
cultivars of Japanese cedar are reported to often have black 
heartwood. 26 In fact, Morikawa et al. 27 reported the differ¬ 
ences in mineral content in heartwood among three culti¬ 
vars of Japanese cedar, concluding that especially high 
potassium content causes black heartwood. In this study, we 


designed the experiment to examine whether the genetic 
characteristics of accumulating moisture and minerals in 
heartwood have a certain relationship with the radial trans¬ 
port of minerals in stems. 

Rubidium injected in sapwood moved into heartwood 
more rapidly in cultivars with wetter heartwood (HS8 and 
ST7) than in those with normal heartwood (MA5 and 
ST27). There are considerable differences in the back¬ 
ground K and Rb contents in the heartwood between the 
former two cultivars and the latter two (Tables 2 and 4). 
These results indicate that individual trees genetically pre¬ 
disposed to accumulating more minerals in their heartwood 
will radially transport minerals much more rapidly than the 
others. 


Active transport or not? 

It is impossible to explain the movement of injected Rb into 
the heartwood by diffusion alone. To make the discussion 
easier, we should separate the process into two steps: (1) 
from the sapwood to the outer heartwood, and (2) from the 
outer heartwood to the inner heartwood. 

At 204 days after injection, Rb content was highest at the 
outermost heartwood in ST7-1 (Fig. 3, left). Rb could not 
have diffused from the sapwood to the outermost heart- 
wood because of the barrier of the white zone and the 
reverse gradient of Rb concentration. Therefore, active 
transport through rays is the only explanation of the move¬ 
ment of Rb in this region. Once Rb is transported into the 
heartwood, however, there are no living cells that regulate 
mineral transport. Simple diffusion processes resulting from 
the concentration gradient will dominate the distribution of 
Rb in the heartwood. The monotonous decreases of both 
Rb content and Rb/K ratio from the outer heartwood to the 
inner heartwood suggest this explanation. In short, the 
radial movement of injected Rb in Japanese cedar proceeds 
by two steps: active transport from the sapwood to the out¬ 
ermost heartwood through rays, and thereafter diffusion to 
the inner heartwood. 

It is obvious that the above transport process continues 
in the resting period because a greater amount of Rb was 
detected in the outer heartwood of ST7-1 at 204 days after 
the treatment than in that of HS8-1 at 40 days after the 
treatment. Thus, the radial transport of some minerals in 
stems of Japanese cedar is probably related to certain physi¬ 
ological processes in the heartwood other than tree growth. 
In this context, the formation of black heartwood, which is 
associated with the accumulation of alkali metals and mois¬ 
ture, is likely to have a close relation with what we have 
discussed in this article. Further work should be oriented 
toward answering basic questions such as (1) what is the 
advantage for Japanese cedar to accumulate K in its heart- 
wood, and (2) is water movement necessary for K transport 
to heartwood? 
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